Comellas AP. Hypoxia increases transepithelial electrical conductance and reduces occludin at the plasma membrane in alveolar epithelial cells via PKC-and PP2A pathway. Am J Physiol Lung Cell Mol Physiol 300: L569 -L578, 2011. First published January 21, 2011; doi:10.1152/ajplung.00109.2010.-During pulmonary edema, the alveolar space is exposed to a hypoxic environment. The integrity of the alveolar epithelial barrier is required for the reabsorption of alveolar fluid. Tight junctions (TJ) maintain the integrity of this barrier. We set out to determine whether hypoxia creates a dysfunctional alveolar epithelial barrier, evidenced by an increase in transepithelial electrical conductance (Gt), due to a decrease in the abundance of TJ proteins at the plasma membrane. Alveolar epithelial cells (AEC) exposed to mild hypoxia (PO2 ϭ 50 mmHg) for 30 and 60 min decreased occludin abundance at the plasma membrane and significantly increased Gt. Other cell adhesion molecules such as E-cadherin and claudins were not affected by hypoxia. AEC exposed to hypoxia increased superoxide, but not hydrogen peroxide (H2O2). Overexpression of superoxide dismutase 1 (SOD1) but not SOD2 prevented the hypoxia-induced Gt increase and occludin reduction in AEC. Also, overexpression of catalase had a similar effect as SOD1, despite not detecting any increase in H2O2 during hypoxia. Blocking PKC-and protein phosphatase 2A (PP2A) prevented the hypoxia-induced occludin reduction at the plasma membrane and increase in Gt. In summary, we show that superoxide, PKC-, and PP2A are involved in the hypoxia-induced increase in Gt and occludin reduction at the plasma membrane in AEC. tight junctions; protein phosphatases 2A; reactive oxygen species; zonula occludens 1 A HYPOXIC ENVIRONMENT IS PRESENT at the alveolar space during pulmonary edema and contributes to the dysfunction of the alveolar epithelium (8, 11). The integrity of the epithelial barrier is compromised by cell death and cell adhesion disruption. Given that hypoxia does not cause cell death in alveolar epithelial cells (AEC) (31), loss of the alveolar epithelial barrier integrity during hypoxia is due to the disruption of cell adhesion molecules, such as tight junctions (TJ). TJ have been described as "kissing points" between cells, since the intercellular space is just 15-20 nm wide. They are the most apically positioned junction and hence are considered to delineate the apical and basolateral surfaces of the epithelial cell (3). They are composed of the transmembrane integral proteins occludin, claudins, and junctional adhesion molecule (JAM), which are linked to the cytoskeleton through interactions with cytoplasmic peripheral proteins, including the zonula occludens (ZO-1, ZO-2, and ZO-3) and actin-binding proteins (16). In addition, they determine the ion selectivity and conductance of the paracellular pathway (15). Claudin-knockout models have demonstrated that claudins are necessary and sufficient for TJ formation. Conversely, the role of occludin remains unclear. Clayburgh et al. (7) reported that occludin internalization was associated with development of epithelial barrier dysfunction, despite no endocytosis of ZO-1, claudins, and adherens junction proteins. Furthermore, Morgan et al. (24) reported in a model of multiple sclerosis that occludin dephosphorylation correlated with increased endothelial conductance and disease progression.
tight junctions; protein phosphatases 2A; reactive oxygen species; zonula occludens 1 A HYPOXIC ENVIRONMENT IS PRESENT at the alveolar space during pulmonary edema and contributes to the dysfunction of the alveolar epithelium (8, 11) . The integrity of the epithelial barrier is compromised by cell death and cell adhesion disruption. Given that hypoxia does not cause cell death in alveolar epithelial cells (AEC) (31) , loss of the alveolar epithelial barrier integrity during hypoxia is due to the disruption of cell adhesion molecules, such as tight junctions (TJ). TJ have been described as "kissing points" between cells, since the intercellular space is just 15-20 nm wide. They are the most apically positioned junction and hence are considered to delineate the apical and basolateral surfaces of the epithelial cell (3) . They are composed of the transmembrane integral proteins occludin, claudins, and junctional adhesion molecule (JAM), which are linked to the cytoskeleton through interactions with cytoplasmic peripheral proteins, including the zonula occludens (ZO-1, ZO-2, and ZO-3) and actin-binding proteins (16) . In addition, they determine the ion selectivity and conductance of the paracellular pathway (15) . Claudin-knockout models have demonstrated that claudins are necessary and sufficient for TJ formation. Conversely, the role of occludin remains unclear. Clayburgh et al. (7) reported that occludin internalization was associated with development of epithelial barrier dysfunction, despite no endocytosis of ZO-1, claudins, and adherens junction proteins. Furthermore, Morgan et al. (24) reported in a model of multiple sclerosis that occludin dephosphorylation correlated with increased endothelial conductance and disease progression.
In the lung, alveolar epithelial disruption results in a dysfunctional epithelium and the development of pulmonary edema. This alveolar flooding creates a hypoxic environment that downregulates sodium transport, impairing the ability of the lung to reabsorb fluid (10, 26, 37) . Although alveolar fluid reabsorption (AFR) is a key step in the recovery from pulmonary edema (36) , a functional epithelial barrier is required. Bouvry et al. (2) reported that exposure of primary rat AEC to severe and mild hypoxia, 0.5 and 3% O 2 , respectively, for 18 h disrupted the cytoskeleton and TJ. Sodium transport inhibition and disruptions of the cytoskeleton and TJ after prolonged hypoxia likely contribute to prevent the resolution of pulmonary edema, increasing the morbidity and mortality of patients with acute lung injury (ALI). Although it has been reported that prolonged hypoxia disrupts the TJ in AEC, the time and signaling events involved in their disruption have not been elucidated. We set out to determine the signaling events of hypoxia on the alveolar epithelial TJ. In this study we report that, within 30 min, mild hypoxia (PO 2 ϭ 50 mmHg) induces a decrease of occludin abundance at the plasma membrane in AEC, without affecting the abundance of other TJ proteins such as claudins and ZO-1, nor disrupting the architecture of AEC monolayer. In addition, we show that AEC exposed to hypoxia did not increase hydrogen peroxide (H 2 O 2 ), whereas it increased superoxide (O 2 Ϫ ) concentrations. The hypoxia-induced occludin reduction at the plasma membrane in AEC was prevented by overexpressing antioxidant enzyme superoxide dismutase 1 (SOD1) but not SOD2. Conversely, overexpression of catalase prevented the hypoxia effects on AEC, despite no increase in H 2 O 2 in our hypoxia model. Blocking PKCand protein phosphatase 2A (PP2A) prevented the hypoxia-induced occludin reduction at the plasma membrane and increase in transepithelial electrical conductance (G t ).
MATERIALS AND METHODS
Antibodies and reagents. Western blots (WB) were done with rabbit polyclonal antibodies against ZO-1, claudin 18 (C-Term), claudin 3, claudin 4, and claudin 5 (Invitrogen Laboratories, Carlsbad, CA). WB were done with mouse monoclonal antibodies against occludin (Invitrogen Laboratories), PP2A (Millipore, Bedford, MA), and PKC-(Santa Cruz Biotechnology, Santa Cruz, CA).
The following compounds were used: bisindolylmaleimide (BIS; Calbiochem EMD Biosciences, La Jolla, CA); protein A/G plusagarose (Santa Cruz); streptavidin and sulfo-NHS-SS-biotin (Pierce Biotechnology, Rockford, IL); Vectashield mounting media (Vector Laboratories, Burlingame, CA); heavy water (deuterium oxide 99.9 atom %D; Sigma-Aldrich, St. Louis, MO). All other reagents were commercial products of the highest grade available.
Isolation of lung alveolar epithelial type II cells. Primary AEC were isolated from pathogen-free male Sprague-Dawley rats weighing 200 -225 g as previously described (12, 27) . Briefly, the lungs were perfused via the pulmonary artery, lavaged, and digested with elastase (30 U/ml; Worthington Biochemical) for 20 min at 37°C. The ATII cells were purified by differential adherence to immunoglobulin G-coated dishes. Counting and viability of the ATII cells were assessed by exclusion of Trypan blue stain. Cells were plated with Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 2.5 g/ml amphotericin. All AEC were placed on filters with the purpose of developing cell polarity. Experiments were performed 3 days after isolation.
Cell surface biotinylation. After exposing the cells to hypoxia or normoxia, the samples were placed on ice. The cells were washed twice with ice-cold PBS with CaCl2 (1 mM), MgCl2 (0.5 mM) and incubated with 1 mg/ml sulfo-NHS-SS-biotin for 20 min at 4°C in the dark. The cells were washed with PBS (containing 100 mM glycine) and scraped in the following buffer: 50 mM Tris pH 8, 150 mM NaCl, 1% Nonidet P-40, 1% deoxycholic acid, and protease inhibitors (2 g/ml leupeptin, 100 g/ml PMSF, and 100 g/ml N-tosyl-L-phenylalanine chloromethyl ketone). The cell suspension was centrifuged at 12,000 g at 4°C for 5 min. The supernatants were transferred to clean tubes and incubated (75 g protein) with high-capacity streptavidin agarose resin (Thermo Scientific) overnight at 4°C with end-over-end rotation. The beads were then washed three times with the following washing solution: 500 mM NaCl, 20 mM Tris pH 7.4, and 0.2% BSA and one last wash with 10 mM Tris. The beads were resuspended in sample buffer. Electrophoresis, WB analysis with occludin and Ecadherin antibodies, and analysis of densitometry scans were performed.
Hypoxia exposure. Cultured polarized AEC were placed in an incubation chamber (Ruskinn Microaerophilic System) flushed with a gas mixture for the indicated times at 37°C or in a self-made chamber (Supplemental Fig. S1 ; the online version of this article contains supplemental data) that consisted of a plate with inserts, that were placed in a 37°C bath and flushed with different gas mixtures (5% CO2, 1.5 or 16% O2, and nitrogen balanced). An oxygen sensor was placed in the chambers to determine the oxygen concentration in the air. Within 45 s, oxygen levels would drop to the expected value, either 1.5 or 16%, and they would remain steady throughout the entire experiment. pH, partial pressure of oxygen (PO2), and carbon dioxide (PCO2) concentrations were determined in the media on the apical side. A 1-ml sample of apical media was obtained and using a blood gas analyzer (ABL 810, Flex Radiometer, Radiometer Medical), we determined pH, PO2, and PCO2 on different conditions (normoxia or hypoxia) at 30 and 60 min. Prior to all the measurements, the machine electrodes were calibrated per the manufacturer's recommendation.
Gt measurement. Primary rat AEC were plated on inserts and, on day 3 after isolation, cells were treated with different oxygen concentrations (1.5 or 16%) for different time intervals (30 and 60 min). Electrical resistance was measured with the Millicell Electrical Resistance System (Millipore), and conductance was calculated as its reciprocal.
Adenovirus infection. AEC (95% confluent) were infected with 20 pfu/cell of adenoviruses containing the plasmid of interest in DMEM without serum; e.g., SOD2 (Ad5CMVMnSOD), SOD1 (Ad5CMVCuZnSOD), and catalase (Ad5CMVCat) (20, 39, 40) , purchased through University of Iowa, Viral Core, and small-t and vector adenovirus with cytomegalovirus (CMV) promoter, a gift of Dr. K. Rundell (19) . After 2 h, the medium was removed and replaced by fresh medium with bovine serum. Experiments were performed the next day of infection. WB for respective proteins (SOD1, SOD2, catalase, and small-t) were performed to determine infection efficiency.
Immunofluorescence. After treatments polarized AEC were fixed with 4% paraformaldehyde (PFA) in PBS for 15 min and quenched with 10 mM glycine in PBS for 10 min at room temperature. After fixation cells were permeabilized and blocked with 0.3% Triton X, 0.3% BSA, 15 l/ml goat serum in PBS for 30 min. Immunofluorescence (IF) labeling was performed by exposing cells to primary antibodies overnight at 4°C, using monoclonal anti-occludin, polyclonal anti-ZO-1 (Invitrogen) and polyclonal anti-PKC-(Santa Cruz Biotechnology). After being washed with PBS, cells were exposed to secondary antibody Cy3-coupled goat anti-rabbit and FITC-coupled goat anti-mouse (Invitrogen) in the dark for 30 min. Cells were visualized and photographed under confocal fluorescence microscope.
Propidium iodide. After 60 min of treatment with normoxic or hypoxic conditions (in a plastic chamber), polarized AEC were treated with 10 g/ml of propidium iodide and incubated in the dark for 10 min. Cells were then photographed under fluorescence microscope and a percentage of fluorescent cells was registered compared with a positive control (100% ethanol for 5 min).
PP2A activity. Polarized AEC were exposed to hypoxia or normoxia at different time points (15, 30 , 60 min). Cells were then harvested and assayed to determine PP2A activity. This assay (R and D Systems DuoSet IC) was performed according to manufacturer's instructions. Briefly, an antibody specific for the catalytic subunit of PP2A binds both active and inactive PP2A. After washing away of unbound material, a synthetic phosphopeptide substrate is added that is dephosphorylated by active PP2A to generate free phosphate and unphosphorylated peptide. The free phosphate is detected by a sensitive dye-binding assay using malachite green and molybdic acid. PP2A activity is expressed relative to control.
ROS measurements. Polarized AEC were treated with normoxia or hypoxia for 30 and 60 min. Intracellular H 2O2, peroxyl radicals (ROO Ϫ ), and peroxynitrite anion (ONOO Ϫ ) were measured by dichlorofluorescein diacetate (DCFH-DA; Invitrogen). Briefly, after treatments, polarized AEC were treated with dichlorofluorescein (DCFH) 40 nM for 20 min at 37°C in darkness. Cells were then washed and resuspended in PBS and kept on ice. Flow cytometry was performed to assess the level of reactive oxygen species (ROS) (32) . Extracellular H2O2 was measured by the following method: Polarized AEC were exposed in phenol red-free HBSS (1.0 ml) supplemented with glucose (6.5 mM), HEPES (1 mM), sodium bicarbonate (6 mM), p-hydroxyphenyl acetic acid (pHPA; 1.6 mM), and horseradish peroxidase (HRP; 95 g/ml). After treatments, amount of H2O2 was measured at an excitation wavelength 323 nm and emission 400 nm. H2O2 reacts with HRP, forming compound I, which in turn reacts with pHPA, forming a stable fluorescent dimer, pHPA2 (34) . Superoxide (O 2 Ϫ ) was measured by NADPH assay: Briefly, after treatments, 10 -30 g of protein cell lysate were mixed with NADPH (1 mM) and lucigenin. Chemiluminescence was measured for 10 min at 1-min intervals (23) .
Lanthanum nitrate. After treatment, polarized AEC were incubated with 2.5% glutaraldehyde overnight at 4°C. After being washed three times with cacodylate, and an additional three times with 0.2 M sym-collidine pH 7.4, cells were then incubated with a 1:1 solution of 0.2 M lanthanum nitrate and 0.2 M sym-collidine with 2% osmium tetroxide on the apical side. 0.2 M sym-collidine was maintained without lanthanum nitrate in the basolateral side of the cells. The cells were then dehydrated with a graded ethanol series and embedded in resin. Sections were cut and observed under transmission electron microscope (TEM).
Statistics. Comparison between experimental groups was made with two-way ANOVA and t-test. P Ͻ 0.05 was considered significant. Each n represents an independent isolation of AEC. In addition, each n was done in triplicate.
RESULTS
PO 2 in AEC exposed to 1.5 and 16% inspired oxygen fraction (FI O 2 ) after 30 and 60 min is higher than predicted. Polarized AEC were exposed to different FI O 2 (1.5 and 16%) for a maximum of 60 min and the actual oxygen concentrations were determined in the media on the apical side. A 1-ml sample of apical medium was obtained and PO 2 , PCO 2 , and pH were determined by use of a blood gas analyzer (ABL 810, Flex Radiometer, Radiometer Medical). As shown in Table 1 , AEC exposed to FI O 2 of 1.5% had an actual PO 2 exposure at 30 and 60 min of ϳ50 mmHg, whereas AEC exposed to FI O 2 of 16% had an actual PO 2 exposure at 30 and 60 min of ϳ135 mmHg. Other values such as pH and PCO 2 were not significantly different.
Hypoxia increases G t and decreases occludin abundance at the plasma membrane in AEC. We examined whether hypoxia induced an increase in alveolar epithelial monolayer G t . AEC were exposed to normoxia or hypoxia for 30 and 60 min. As shown in Fig. 1A , AEC exposed to normoxia had no effect on their G t whereas AEC exposed to hypoxia had an increase in G t at 30 min (P ϭ 0.0016), compared with normoxic conditions, which became more statistically significant at 60 min (P ϭ 0.0001). To determine whether this G t increase was accompanied by a decrease in TJ proteins at the plasma membrane, AEC were exposed to normoxia or hypoxia, followed by labeling AEC with biotin and analyzing results by WB. In addition, experiments were complemented by microscopy analysis. AEC were fixed in 4% PFA and processed for IF by standard procedures. As shown in Fig. 1B , occludin abundance at the plasma membrane did not decrease in AEC exposed to normoxia, whereas AEC exposed to hypoxia for 30 min had a decrease in occludin abundance at the plasma membrane (P ϭ 0.001). Also, Fig. 1C shows that polarized AEC exposed to hypoxia had a decrease in occludin colocalization with ZO-1, the development of increase intracellular vesicles and a less Values are means Ϯ SE. PO2, partial pressure of oxygen; PCO2, partial pressure of carbon dioxide; AEC, alaveolar epithelial cells; FIO 2 , inspired oxygen fraction. Fig. 1 . Hypoxia induces transepithelial electrical conductance (Gt) increase and occludin reduction at the plasma membrane in alveolar epithelial cells (AEC). A: polarized AEC were plated on inserts and exposed to normoxia (PO2 ϳ135 mmHg) or hypoxia (PO2 ϳ50 mmHg) for 60 min. Gt was measured at 30 and 60 min (n ϭ 9 independent experiments in triplicate). B: polarized AEC were exposed to normoxia or hypoxia for 30 min. Surface biotinylation was performed and Western blot (WB) was developed against occludin and E-cadherin as loading control. Pl. memb., plasma membrane; R.U., relative units. C: AEC were exposed to normoxia or hypoxia for 30 and 60 min. Occludin (green) and zonula occludens (ZO)-1 (red) abundance was determined via immunofluorescence (IF). Panels show x, y, and z projections. D: AEC were exposed to normoxia or hypoxia for 30 min. Surface biotinylation was performed and WB was developed against E-cadherin and claudins 3, 4, 5, and 18. Shown are representative blots and quantitative analysis. MW, molecular mass. Graphs represent means Ϯ SE; means with dots represent individual experiments (n ϭ 3 independent experiments in triplicate). **P Ͻ 0.01 and ***P Ͻ 0.001 compared with control.
smooth plasma membrane at 30 and 60 min compared with 60 min of normoxia. In addition, no changes in claudin 3, 4, 5, 18, and E-cadherin were observed (Fig. 1D) . Since the assessment of the integrity of the epithelial barrier includes measuring cell death and permeability to different molecular weight markers, we set out to determine whether AEC exposed to normoxia or hypoxia had changes in these parameters. As shown in Supplemental Fig. S2 , cells exposed to normoxia or hypoxia did not have an increase in cell death determined by the proportion of propidium iodide-positive cells. Also, AEC exposed to normoxia or hypoxia did not show any increase in permeability to 4-kDa FITC dextran (data not shown). Given that G t measures the permeability to all ions, without discerning between transcellular and paracellular permeability, La 3ϩ movement through the TJ was evaluated in polarized AEC by TEM as described by Flynn et al. (15) . La 3ϩ is an electron-dense element with a radius of 0.4 nm and TJ are impermeable to it under normal conditions. As shown in Fig. 2 , exposure of AEC to hypoxia for 30 and 60 min caused La 3ϩ to pass through the intercellular space, whereas AEC exposed to normoxia for 60 min remained impermeable to La 3ϩ .
ROS participate in the hypoxia-induced G t increase and occludin reduction in AEC.
AEC generate mitochondrial ROS when exposed to severe hypoxia (10) , but because our model shows that AEC are exposed only to mild hypoxia, we set out to determine whether a PO 2 of 50 mmHg would increase ROS production. To our surprise, hypoxia did not increase total amount of ROS nor H 2 O 2 levels (Fig. 3, A and B) . Conversely, hypoxia increased superoxide levels in AEC at 30 and 60 min, this last being statistically significant (P ϭ 0.0139) (Fig. 3C) .
Since several authors have reported protective effects of several antioxidants during hypoxia, we set out to determine whether these antioxidants would protect against the hypoxiainduced occludin reduction in AEC in this model of mild hypoxia. We pretreated AEC with ebselen (20 M) 30 min prior to treatment and exposed them to normoxia or hypoxia for 30 and 60 min. Despite the lack of H 2 O 2 increase in this model, pretreatment of AEC with ebselen prevented the hypoxia-induced increase in G t and occludin reduction at the plasma membrane (P ϭ 0.0019) (Fig. 4A) . Furthermore, we infected polarized AEC with adenoviral vectors encoding SOD1, SOD2, and catalase (20 pfu/cell), 24 h prior to exposure to normoxia or hypoxia for 30 min. All adenoviral infections were confirmed by WB analysis (data not shown) As shown in Fig. 4 , C and D, the overexpression of SOD1, but not SOD2, protected against the hypoxia-induced decrease occludin abundance at the plasma membrane (P Ͻ 0.0001). In addition, overexpression of catalase prevented the hypoxia-induced occludin reduction at the plasma membrane (Fig. 4B) , which is consistent with the protection conferred by pretreatment of AEC with ebselen. Furthermore, neither ebselen nor adenoviruses made any difference in the G t or occludin abundance at the plasma membrane in AEC under basal conditions. However, adenoviruses increased G t significantly (P ϭ 0.0155) compared with control (no adenovirus) or ebselen (Supplemental Fig. S3, A and B) . In addition, an empty adenoviral vector did not prevent the hypoxia-induced occludin reduction at the plasma membrane in AEC (Supplemental Fig. S3C) .
Blocking PKC-prevents hypoxia-induced G t increase and occludin reduction in AEC. It has been reported that hypoxiagenerated ROS activates PKC-in AEC (5, 10). To determine whether PKC-is involved in the hypoxia-induced G t increase and occludin reduction at the plasma membrane, we pretreated AEC with BIS, which inhibits all PKCs including PKC-at a 10 M concentration. As shown in Fig. 5, A and B, when AEC were pretreated with BIS, 10 M, for 30 min and then exposed to normoxia or hypoxia for 60 min, they were protected against the hypoxia-induced G t increase(P ϭ 0.0024) and occludin reduction at the plasma membrane (P ϭ 0.0035). In addition, we used a specific PKC-inhibitor (myristoylated pseudosubstrate) that binds to the pseudo-substrate sequence, which is specific for each PKC isozyme and keeps the enzyme inactive with no interference from ATP binding (13) . As shown in Fig.  5 , C and D, 30 min pretreatment with PKC-inhibitor (0.1 M), followed by exposure of AEC to normoxia or hypoxia for 60 min, prevented the hypoxia-induced G t increase (P ϭ Fig. 2 . Hypoxia induces an increase in lanthanum staining at the tight junction (TJ) in AEC. Polarized AEC were exposed to hypoxia for 30 and 60 min. They were then fixed and stained with La 3ϩ on the apical side and observed under transmission electron microscopy. Electron dense La 3ϩ (white arrows) penetrate the TJ into the intercellular space (black arrows) after 30 and 60 min of hypoxia, but not after 60 min of normoxia (n ϭ 3). 0.001) and occludin reduction at the plasma membrane in AEC when analyzed by WB (P ϭ 0.0002). Furthermore, experiments were complemented by microscopy analysis. AEC were fixed in 4% PFA and processed for IF by standard procedures.
As shown in Fig. 5E , AEC exposed to normoxia had a PKCperinuclear staining. After 30 and 60 min, PKC-perinuclear staining decreased and shifted to the plasma membrane. This staining increased over time, being more pronounced at 60 min. In addition, polarized AEC exposed to hypoxia for 30 and 60 min had an increase in occludin and PKC-colocalization, with evidence of intracellular vesicles suggestive of hypoxiainduced endocytosis. As shown in Fig. 5F , when cells were pretreated with PKC-inhibitor (0.1 M) 30 min prior to exposure to normoxia or hypoxia for 30 and 60 min, it resulted in almost no colocalization of occludin and PKC-. Occludin was preserved at the plasma membrane and almost no intracellular vesicles were observed. In addition, PKC-staining was minimally present at the membrane, suggestive of inactivation of this enzyme. We also decided to determine whether BIS and PKC-inhibitors had any effect under basal conditions (control). Polarized AEC were treated with BIS (10 M) and PKC-(0.1 M) for 30 min, followed by G t measurements performed at 30 and 60 min. Also, polarized AEC were treated with above inhibitors for a total of 90 min, followed by labeling with biotin and analyzing results by WB. As shown in Supplemental Fig. S4 , neither G t nor occludin abundance at the plasma membrane in AEC were significantly different compared with control condition (no treatments).
PP2A is involved in hypoxia-induced G t increase and occludin reduction in AEC.
Since hypoxia increases ROS and H 2 O 2 disrupts TJ in Caco-2 cell monolayers by increasing the association of PP2A with occludin (29), we decided to determine whether PP2A activity is increased in AEC exposed to hypoxia. As shown in Fig. 6A , PP2A activity was measured in polarized AEC exposed to hypoxia for 15, 30, and 60 min compared with normoxia. PP2A activity increased by twofold after 15 min of hypoxia exposure (P Ͻ 0.0001) and remained at the same level for the rest of the time. We then set out to determine whether PP2A is involved in the hypoxia-induced G t increase and occludin reduction at the plasma membrane in AEC. Polarized AEC were preincubated for 15 min with 5 nM okadaic acid (OA), which inhibits PP2A. AEC were exposed to normoxia or hypoxia for 60 min. As shown in Fig. 6B , OA prevented the hypoxia-induced G t increase (P ϭ 0.0491). Also, AEC were treated with above inhibitor for 15 min, followed by exposure to normoxia or hypoxia for 60 min. Cells were then labeled with biotin and results were analyzed by WB. As shown in Fig. 6C , pretreatment of polarized AEC with OA prevented the hypoxia-induced occludin reduction at the plasma membrane. In addition, this inhibitor alone did not exhibit any difference in G t or occludin abundance at the plasma membrane in AEC compared with control conditions (Supplemental Fig. S4 ). To further confirm that PP2A is involved, we proceeded to infect AEC with adenovirus that carried small-t antigen or empty vector with only CMV promoter. Small-t is a simian virus 40 (SV40) protein that has been shown to bind and inhibit PP2A by displacing lower affinity regulatory B subunits of the multimeric PP2A enzyme, resulting in PP2A complexes with low phosphatase activity and altered intracellular locations (30) . Twenty-four hours after infection, polarized AEC were exposed to normoxia or hypoxia for 60 min. As shown in Fig. 6 , D and E, infection of AEC with adenovirus vector expressing small-t prevented the hypoxiainduced occludin reduction at the plasma membrane whereas infection with empty vector did not prevent it (P ϭ 0.0008). (Fig. 6F) . These results suggest that PP2A is involved in the hypoxiainduced G t increase and occludin reduction at the plasma membrane in AEC.
DISCUSSION
Epithelial tissues, such as the lung, not only provide a physical barrier between biological compartments but mediate vectorial and selective transport of ions, water, and macromolecules. One of the elements that provide integrity to the barrier is the TJ, which are comprised of a group of integral proteins, specifically occludin, claudins, and JAM. Rat primary type II alveolar epithelial cells in culture express claudins 3, 4, and 5 and have the typical transepithelial electrical resistances of Ͼ 500 ⍀ ϫ cm 2 , or G t of 1-2 mS/cm 2 , consistent with the formation of TJ (35) .
The development of ALI is the result of the disruption of the alveolar epithelial barrier integrity, causing pulmonary edema and respiratory failure. Resolution of this edema depends on repair of the epithelial barrier and AFR via active sodium transport mechanisms (22) . The alveolar epithelium is normally well oxygenated, with partial pressures of oxygen of ϳ100 mmHg. However, alveolar hypoxia is present in the fetal lung and in high-altitude pulmonary edema. In addition, alveolar edema, which is present in patients with congestive heart failure and acute respiratory distress syndrome, can create a hypoxic environment, since there is impairment of oxygenation of the alveolar space and the blood flow into this area will decrease as a result of hypoxic vasoconstriction (17) . Hypoxia in the alveolar epithelium causes a decrease in AFR and disruption of the cytoskeleton and TJ (2, 38) . Although AFR is required for the resolution of pulmonary edema, as long as the alveolar epithelial barrier is disrupted, the continuous flooding of the alveolar space will interfere with the ability of the lung to resolve the pulmonary edema. Fig. 4 . Overexpression of catalase and superoxide dismutase (SOD) 1 prevent the hypoxia-induced Gt increase and occludin reduction in AEC. A: polarized AEC were pretreated for 30 min with ebselen (20 M), followed by exposure to normoxia or hypoxia for 60 min. Gt was measured at 30 and 60 min. In addition, surface biotinylation was performed on AEC exposed to normoxia or hypoxia for 60 min and plasma membrane occludin abundance was determined by Western blot (WB) analysis (n ϭ 8 independent experiments in triplicate). B-D: polarized AEC were infected with adenovirus vectors containing catalase, SOD1, and SOD2 24 h before treatments. Cells were then exposed to normoxia or hypoxia for 30 min. Surface biotinylation was performed and occludin abundance was determined by WB analysis. E-cadherin was used as loading control for each experiment. Shown are representative blots and quantitative analysis. Graph represents means Ϯ SE; means with dots represent individual experiments (n ϭ 3 independent experiments in triplicate). **P Ͻ 0.01 and ***P Ͻ 0.001 compared with control.
Bouvry et al. (2) reported that AEC exposed to 3 and 0.5% oxygen for 18 h no longer had occludin localized to the TJ but scattered in the cell interior. When they looked at the total levels of occludin by WB, they did not find any change, whereas total protein levels of ZO-1 were reduced. Our results show that mild hypoxia (ϳ7%) produces a leakier barrier within 30 min, as evidenced by an increase in alveolar epithelial G t and increased lanthanum staining on the basolateral side of AEC. Conversely, hypoxia does not increase permeability to large molecules such as 4-kDa FITC-dextran (data not shown) nor disrupts the AEC monolayer architecture (Fig. 1C) . This implies that hypoxia causes a more subtle dysfunction of the barrier and that this is a regulated phenomenon, since it only affects the abundance of occludin at the plasma membrane in AEC, with no alteration in the abundance of claudins and ZO-1. In addition, the abundance of E-cadherin at the plasma membrane is not affected by hypoxia, suggesting that the development of a dysfunctional alveolar epithelial barrier is not a consequence of disruption of adhesion molecules. The other interesting finding is that exposing AEC to hypoxia for 30 min did not altered the total protein abundance of occludin in the cell lysate, whereas after 60 min there is ϳ30% decrease. This is likely due to increased degradation of probable endocytosed occludin. Our results are different than those of Bouvry et al. This could be explained by the fact that AEC in our model are exposed to very mild hypoxia (ϳ7% O 2 ) for 60 min, whereas Fig. 5 . Blocking PKC-prevents hypoxia-induced Gt increase and occludin reduction in AEC. A: polarized AEC were pretreated for 30 min with bisindolylmaleimide (BIS) (10 M), followed by exposure to normoxia or hypoxia for 60 min. Gt was measured at 30 and 60 min (n ϭ 9 independent experiments in triplicate). B: polarized AEC were pretreated for 30 min with BIS (10 M), followed by exposure to normoxia or hypoxia for 30 min. Surface biotinylation was performed and occludin abundance was determined by WB analysis. C: polarized AEC were pretreated for 30 min with PKCpseudosubstrate (0.1 M), followed by exposure to normoxia or hypoxia for 60 min. Gt was measured at 30 and 60 min (n ϭ 9 independent experiments in triplicate). D: polarized AEC were pretreated for 30 min with PKC-pseudosubstrate (0.1 M), followed by exposure to normoxia or hypoxia for 30 min. Surface biotinylation was performed and occludin abundance was determined by WB analysis. Shown are representative blots and quantitative analysis. E: polarized AEC were exposed to normoxia or hypoxia for 30 and 60 min. Occludin and PKCabundance was determined via IF. Panels show x, y, and z projections. F: polarized AEC were pretreated for 30 min with PKC-pseudosubstrate (0.1 M), followed by exposure to normoxia or hypoxia for 30 and 60 min. Occludin and PKC-abundance was determined via IF. Panels show x, y, and z projections. Graph represents means Ϯ SE; means with dots represent individual experiments (n ϭ 3 independent experiments in triplicate). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001 compared with control.
Bouvry et al. exposed AEC to severe (0.5% O 2 ) and moderate hypoxia (3% O 2 ) for 18 h. Therefore, the sensing and signaling mechanisms are likely to be very different in these two models.
Previous studies demonstrated that severe hypoxia increases the generation of mitochondrial reactive oxygen species (H 2 O 2 and superoxide) in vitro and in vivo (4) . However, our model is different since AEC exposed to mild hypoxia did not increase H 2 O 2 levels but only superoxide. Our results, where SOD1 overexpression prevented the hypoxia-induced occludin reduction in AEC is consistent with results shown in Fig. 3 . In addition, the lack of protection of SOD2 suggests that mitochondrial ROS, specifically from the matrix, are not generated in this model. Conversely, despite not detecting an increase in H 2 O 2 in AEC exposed to hypoxia, overexpression of catalase and pretreatment with ebselen (glutathione peroxidase mimetic) prevents the hypoxia-induced occludin reduction and G t increase in AEC. The possible explanations for this observation includes lack of sensitivity of our methods to detect very small increases in H 2 O 2 concentrations or local production of H 2 O 2 in the cell microenvironment that cannot be detected with the methods used. Another possibility is nonspecific effects of catalase overexpression and ebselen, which prevent the hypoxia-induced occludin reduction in AEC.
During severe hypoxia the mitochondria are the source of ROS. Our results in this very mild hypoxic model raise the hypothesis that the source of ROS is probably different than the mitochondria, although the fact that overexpression of SOD1 prevented the hypoxia-induced dysfunction of the alveolar epithelium raises the possibility of the mitochondrial intermembrane space as a potential source of ROS (9) . Since the source of ROS in our model is unclear, it leaves us to explore other sources such as the NADPH system. It has been reported that type II pneumocytes release ROS, and their generation has been attributed in part to the NADPH oxidase like enzyme system [reviewed by Bedard et al. (1)]. Also, the dual oxidase isoforms of the novel NADPH oxidase family are expressed and function at the apical membrane of both airway and alveolar epithelial cells (14) . Multiple authors have reported different oxygen sensors in diverse organs. One of these potential sensors is the NADPH oxidase system, which plays a role in the oxygen sensing at the level of the carotid body. This organ is exposed to higher partial pressures of oxygen than most organs, except for the lung, cornea, and skin. Since small changes in oxygen tension require early responses by the carotid body, it is conceivable that the regulation by the alveolar epithelium shares some of the same mechanisms. A: polarized AEC were exposed to normoxia or hypoxia for 60 min. PP2A activity was measured at different time intervals (15, 30 , and 60 min) (n ϭ 6 independent experiments in triplicate). B: polarized AEC were pretreated for 30 min with okadaic acid (OA) (5 nM), followed by exposure to normoxia or hypoxia for 60 min. Gt was measured at 30 min and 60 min (n ϭ 8 independent experiments in triplicate). C: polarized AEC were pretreated for 30 min with OA (5 nM), followed by exposure to normoxia or hypoxia for 30 min. Surface biotinylation was performed and occludin abundance was determined by WB analysis. D and E: polarized AEC were infected 24 h before normoxia or hypoxia exposures, with adenovirus vectors expressing empty vector with only cytomegalovirus (CMV) promoter (D) or small-t (St; E). Cells were then exposed to normoxia or hypoxia for 30 min. Surface biotinylation was performed and occludin abundance was determined by WB analysis. E-cadherin was used as loading control. F: representative blot of overexpression of small-t protein. Shown are representative blots and quantitative analysis. Graph represents means Ϯ SE; means with dots represent individual experiments (n ϭ 3 independent experiments in triplicate). *P Ͻ 0.05; ***P Ͻ 0.001 compared with control.
It has been reported that hypoxia activates PKC-in AEC (10) . Our results show that PKC-translocates to the plasma membrane within 30 min of exposure to mild hypoxia and associated with occludin. At the TJ region, PKC-and PP2A have been identified (33) . It has been reported that PKCs could be upstream in the signaling pathway, regulating epithelial barrier function and causing either inactivation of a serine/ threonine kinase or activation of a phosphatase associated with occludin (6) . Not only is PKC-activated during hypoxia, but it has been reported that rodents exposed to hypoxia have an increase in the amount of PP2A and its activity (18, 21) . We show that PP2A activity in AEC increased by twofold after 15 min of exposure to hypoxia. Seth et al. (28) reported that PP2A and PP1 interact with occludin and negatively regulate the assembly of TJ in Caco cells. The same group of investigators reported that H 2 O 2 increased the association of PP2A with occludin and induced TJ disruption in Caco-2 cell monolayer (29) . In addition, PP2A associates with and regulates atypical PKCs, including PKC- (25) . Our data show that inhibition of PP2A or PKC-prevents the hypoxia-induced G t increase and occludin reduction at the plasma membrane in AEC. The mechanism by which these two enzymes maintain the alveolar epithelial barrier integrity is unknown. Since these enzymes are localized at the TJ complex (25) , it provides a spatial relation that makes it possible to consider their biological role.
In summary, our model postulates that hypoxia induces a leakier alveolar epithelial barrier by generation of ROS. Mild hypoxia in AEC modestly increases the amount of superoxide and also increases the activity of PKC-and PP2A. Blocking PKC-and PP2A prevents hypoxia-induced increase in G t and occludin reduction at the plasma membrane. This model of mild hypoxia is more representative of the possible effects that occur in vivo, providing the opportunity to study this effect in humans and different animal models.
